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Methods for coherent optical Doppler orbitography
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Abstract Doppler orbitography uses the Doppler shift
in a transmitted signal to determine the orbital parame-
ters of satellites including range and range-rate (or radial
velocity). We describe two techniques for atmospheric-
limited optical Doppler orbitography measurements of
range-rate. The first determines the Doppler shift di-
rectly from a heterodyne measurement of the returned
optical signal. The second aims to improve the preci-
sion of the first by suppressing atmospheric phase noise
imprinted on the transmitted optical signal. We demon-
strate the performance of each technique over a 2.2 km
horizontal link with a simulated in-line velocity Doppler
shift at the far end. A horizontal link of this length has
been estimated to exhibit nearly half the total integrated
atmospheric turbulence of a vertical link to space. With-
out stabilisation of the atmospheric effects, we obtained
an estimated range rate precision of 17 µm s−1 at 1 s
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of integration. With active suppression of atmospheric
phase noise, this improved by three orders-of-magnitude
to an estimated range rate precision of 9.0 nm s−1 at 1 s
of integration, and 1.1 nm s−1 when integrated over a
60 s. This represents four orders-of-magnitude improve-
ment over the typical performance of operational ground
to space X-Band systems in terms of range-rate precision
at the same integration time.
The performance of this system is a promising proof
of concept for coherent optical Doppler orbitography.
There are many additional challenges associated with
performing these techniques from ground to space, that
were not captured within the preliminary experiments
presented here. In the future, we aim to progress to-
wards a 10 km horizontal link to replicate the expected
atmospheric turbulence for a ground to space link.
Keywords Doppler orbitography · Free-space coherent
optical link · Satellites · Phase stabilisation · Frequency
transfer · Atmospheric turbulence · Optical transmission
1 Introduction
Doppler orbitography uses the Doppler shift on a one-
way (Auriol and Tourain, 2010) or two-way (Iess et al,
2014) transmission to determine orbital parameters of
satellites. The Doppler Orbitography and Radio posi-
tioning Integrated by Satellite (DORIS) system oper-
ates at two frequencies (2036.25 MHz and 401.25 MHz)
and is used around the world for geodesy (Auriol and
Tourain, 2010). This one-way system determines the
range rate (or radial velocity) of the satellite at uncer-
tainties of <0.4 mm s−1 (Moreaux et al, 2019). Typical
operational ground to space X-band radio tracking tech-
niques can now achieve precisions at around 20 µm s−1 to
100 µm s−1 after 60 s of integration (Dirkx et al, 2018).
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Performing Doppler orbitography measurements in
the optical domain offers the potential for several orders
of magnitude improvement over traditional microwave
techniques. Chiodo et al (2013) discussed a technique for
coherent optical Doppler orbitography based on phase-
coherent tracking of an optical signal reflected from a
corner cube reflector attached to a satellite in low Earth
orbit (LEO).
In 2010, the feasibility of coherent free-space optical
transmission was demonstrated over an uncompensated
5 km folded horizontal atmospheric link (Djerroud et al,
2010). The phase noise imprinted on the transmitted sig-
nal over this 5 km optical link was compared to ground
to space turbulence measurements taken from interfero-
metric observations of stars vertically through the atmo-
sphere (Linfield et al, 2001). It was found that during
calm periods, the 5 km link had phase noise similar to
the average observed vertically through the atmosphere.
Assuming the atmosphere is approximately reciprocal,
this suggests that a two-way ground to space optical
Doppler measurement would encounter as much phase
noise as a 10 km horizontal link.
Active compensation of the free-space optical link to
correct for this phase noise (Gozzard et al, 2018; Kang
et al, 2019) would increase the optical frequency mea-
surement precision of the radial velocity Doppler shift
by suppressing noise caused by atmospheric turbulence.
This suggests that an optical stabilisation system ca-
pable of operating over a 10 km horizontal atmospheric
link should be able to improve the quality of range rate
measurements when applied to ground to space coherent
optical Doppler orbitography.
In this paper, we describe two different techniques
for coherent optical Doppler orbitography. The perfor-
mance of these techniques correspond to the precision
with which the return optical frequency can be mea-
sured. Our first technique determines the Doppler fre-
quency shift directly from a heterodyne measurement
of the unstabilised optical return signal, similar to the
system designed by Chiodo et al (2013). Our second
technique supplements the first with an optical stabilisa-
tion system capable of actively correcting the frequency
perturbations caused by atmospheric phase noise during
transmission, to improve the frequency measurement
precision. We then demonstrate the performance of both
of these systems over a 2.2 km horizontal link with a
simulated Doppler shift at the far end.
This paper is arranged as follows. In Sect. 2 the
optical Doppler orbitography techniques are explained.
In Sect. 3 the system design and the methodology is de-
scribed. The results of the demonstration are presented
in Sect. 4. Finally, these results and their importance
are discussed in Sect. 5.
2 Technique
The focus of this paper is on techniques for turbulence-
limited coherent optical Doppler orbitography. Coherent
optical Doppler orbitography involves reflecting a co-
herent optical beam off a retro-reflector located on a
satellite, and using the Doppler shifted return signal to
determine the satellite’s radial velocity. The techniques
are referred to as ‘atmospheric turbulence-limited’ as
it is unable to differentiate the frequency shift caused
by the motion of the corner cube from the atmospheric
variations operating at the same time scale (Chiodo et al,
2013). However, in this atmospheric turbulence-limited
state, valuable information can be obtained about the
dynamics of the turbulent atmosphere (Chiodo et al,
2013). This is extremely useful information in fields
such as coherent optical communications (Khalighi and
Uysal, 2014), and ground-space atomic clock compar-
isons (Riehle, 2017; Lisdat et al, 2016).
We propose two techniques for performing coherent
optical Doppler orbitography. Both techniques utilise
an unbalanced Michelson interferometer where the long
arm travels over the free-space optical link shown in
Fig. 1 and the short arm provides a local reference. The
signal from the long and short arms are used to make a
heterodyne beat which contains the frequency difference
between the two.
Our first technique takes the optical Doppler orbitog-
raphy range rate measurement directly from this fre-
quency difference. The frequency perturbations caused
by the atmospheric phase noise experienced during trans-
mission will remain imprinted on this frequency mea-
surement.
Our second technique supplements the first with an
optical frequency stabilisation system that actively sup-
presses the stochastic atmospheric noise contributions,
improving the frequency measurement precision. The
heterodyne beat signal is fed into a servo system that
drives the acousto-optic modulator (AOM) in order to
compensate for the atmospheric phase noise experienced.
Fluctuations occurring at time scales less than the round
trip time of the optical signal cannot be compensated.
This limits the bandwidth of fluctuations that can be
corrected to <300 Hz for LEO objects at 500 km when
they are directly overhead. This bandwidth will decrease
further for lower angles of elevation.
A major challenge associated with using optical fre-
quency stabilisation techniques for orbitography pur-
poses, is the large frequency shifts caused by the rapidly
moving objects in LEO (Chiodo et al, 2013). These are
up to ±10 GHz for objects around 500 km when using
a near infra-red optical signal (around 193 THz). The
large frequency deviation results in a high frequency
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Fig. 1 An overview of the technique that is being considered. An optical frequency (νL) is reflected off a retro-reflector located
on the satellite, where it undergoes a Doppler shift (νD) dependent on the satellite’s radial velocity (
−→vl ). The satellite’s radial
velocity is then determined using the Doppler shifted return frequency. The transmitted and reflected signals also experience
frequency perturbations caused by the atmospheric phase noise (∆φ˙atm).
offset between the long and short arms. This offset will
be outside the actuation range of the AOM in the sta-
bilisation system.
This may be overcome through down-conversion of
the returned signal using a priori knowledge of the
satellite’s orbit. Provided the velocity of the orbiting
object is known sufficiently accurately, the resultant
signal after down-conversion can be brought within the
1 MHz to 10 MHz bandwidth typical of AOMs.
The resultant signal after down-conversion, will de-
pend on the discrepancy between the predicted radial ve-
locity and true radial velocity, along with any frequency
perturbations caused by atmospheric phase noise. The
velocity discrepancy is directly dependent on the orbit
of the satellite and thus varies consistently and relatively
slowly. Conversely, we have good reason to believe that
atmospheric turbulence will have a zero mean over the
timescales in question. Thus the frequency perturbations
caused by atmospheric turbulence can be identified as
noise and suppressed.
In the next section, we present an experimental
demonstration of how our proposed techniques perform
over a 2.2 km horizontal link. The experiment indicates
the viability of the technique and provides an estimate of
the performance that could be expected in a functioning
ground to space coherent optical Doppler orbitography
system.
3 Method
The test system we developed passes a highly coherent
optical signal with a frequency νL (193 THz), produced
using an NKT Photonics X15 laser, into an unbalanced
Michelson interferometer where the short arm is reflected
using a Faraday mirror, and the long arm is sent over
the free-space link. Fig. 2 shows a block diagram of
the system used. At the ‘local site’, the signal is passed
through a ‘transmission’ AOM with a nominal frequency
(νtr) of 50 MHz, which may be varied slightly (∆νtr).
The signal is then launched over the free-space link via
a splitter, collimator, and telescope. The transmission
over the free space path adds frequency perturbations
(∆φ˙atm) to the transmitted signal due to atmospheric
turbulence. The signal reaching the remote terminal
(νrem) has the following frequency.
νrem = νL + νtr +∆νtr +∆φ˙atm (1)
At the remote terminal, the received beam is passed
through a 70 MHz AOM, reflected off a Faraday mirror
and sent back through the 70 MHz AOM. This 140 MHz
increase (νD) in the return signal simulates the Doppler
shift expected from an object with an radial velocity of
∼108 m s−1.
The atmospheric phase noise experienced during
transmission over a simple static link, of the type used
for these experiment, is approximately reciprocal (Goz-
zard et al, 2018; Robert et al, 2016). Frequency per-
turbations caused by this reciprocal atmospheric phase
noise (∆φ˙atm) are again added to the signal on the
transmission back to the local terminal. At the local
terminal the returning signal is passed back through
the transmission AOM again. The returned signal (νrtn)
now has the following frequency.
νrtn = νL + 2νtr + 2∆νtr + 2∆φ˙atm + νD (2)
The return signal νrtn is beat against νL from the
short arm and the optical hetrodyne beat is received
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Fig. 2 Block diagram of the system used. Green represents optical signals, red represents radio frequency electrical signals,
and blue represents the DC electrical control signals.
by a photodetector (PD). The resulting electrical beat
signal (νbeat) contains information about frequency shift
(νD) (and thus radial velocity) at the far end, as well as
a noise component.
νbeat = 2νtr + 2∆νtr + 2∆φ˙atm + νD (3)
For our first technique, the unstabilised Doppler fre-
quency measurement (νD1) may be obtained through
down-conversion by choosing the local oscillator’s fre-
quency (νLO1) according to Eq. 4. This effectively sub-
tracts the predicted range rate from the return signal.
νLO1 = 2νtr + 2∆νtr (4)
The atmospheric effects will remain imprinted on
this unstabilised Doppler measurement. Thus the pre-
cision of this measurement will be limited by the total
frequency perturbations caused by atmospheric phase
noise (2∆φ˙atm).
νD1 = νD + 2∆φ˙atm (5)
Our second stabilised technique requires that the
electrical down-conversion must also remove the pre-
dicted Doppler shift before actively suppressing atmo-
spheric phase-noise. The predicted Doppler shift (νˆD)
is obtained from the a priori radial velocity estimate.
νLO2 = 2νtr + νˆD (6)
After this down-conversion, the electrical error signal
(νerr) will only contain the turbulence-based frequency
perturbations (2∆φ˙atm) and the difference in the ex-
pected and real Doppler shift (νD − νˆD).
νerr = 2∆νtr + 2∆φ˙atm + (νD − νˆD) (7)
For our stabilised technique, this error signal is
fed into a servo system which varies the frequency of
the transmission AOM (∆νtr) in order to actively sup-
press frequency perturbations caused by the atmospheric
phase noise and drive the electrical error signal (νerr)
to zero. The bandwidth of perturbations that can be
suppressed is limited by the round trip time of the
transmission. After this suppression, only residual atmo-
spheric frequency perturbations (2∆φ˙res) will remain.
∆νtr = −∆φ˙atm − (νD − νˆD)
2
(8)
The second term of Eq. 8 is dependent on the dis-
crepancy between the predicted radial velocity and true
radial velocity, and will change gradually over the satel-
lite’s pass. The stabilised Doppler measurement may be
obtained from this component of ∆νtr. The precision of
the stabilised Doppler measurement will be limited by
the residual frequency perturbations.
In our trial case it is assumed that the exact object
velocity is known and static, thus νˆD = νD =140 MHz.
In practice this will vary as the satellite passes, however
the situation was simplified for this preliminary experi-
ment. Therefore, the local oscillator’s frequency (νLO2)
in Eq. 6 is 240 MHz. This results in the return signal
being mixed down to a DC error signal.
The performance of each technique was analysed us-
ing an analogous system with an out of loop verification.
This system sent the optical signal over a folded path to
a corner cube retro-reflector, with the local and remote
terminals situated next to each other.
This system used an out of loop heterodyne mea-
surement between the optical signal entering the remote
terminal (Eq. 1) and the original coherent optical signal
(νL). The resulting out of loop measurement (νOOL)
after electrical down-conversion by the nominal trans-
mission AOM frequency (νtr) is given below.
νOOL = ∆νtr +∆φ˙atm (9)
For the unstabilised technique, the transmission
AOM is not used to actively stabilise the link, thus the
transmission AOM frequency remains static (∆νtr = 0).
Thus the unstabilised out of loop measurement (νOOL1)
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will directly measure the one-way frequency perturba-
tions caused by this reciprocal atmospheric phase noise.
νOOL1 = ∆φ˙atm (10)
The transmission AOM is varied according to Eq. 8.
In this experiment, it is assumed that the Doppler shift
is predicted exactly (νD − νˆD = 0). Thus the out of
loop measurement for the second technique (νOOL2)
will directly measure the residual one-way frequency
perturbations after stabilisation.
νOOL2 = ∆φ˙res (11)
As the atmosphere is approximately reciprocal (Goz-
zard et al, 2018; Robert et al, 2016), it was assumed the
fractional frequency stability of the two-way transmis-
sion (∆ff ) will be approximately double these one-way
measurements (∆φ˙atmνL ). The precision of the optical
Doppler radial velocity measurements for the unsta-
bilised (∆v1) and stabilised (∆v2) systems were esti-
mated using double the fractional frequency stability of
the out of loop one-way measurements.
∆v1 ≈ c
2
∆f
f
≈ c∆φ˙atm
νL
(12)
∆v2 ≈ c
2
∆f
f
≈ c∆φ˙res
νL
(13)
3.1 Free-space link
The optical terminals and hardware used for transmis-
sion over this 2.2 km free-space link were identical to
those used in our previous paper (Gozzard et al, 2018).
Detailed discussion of the optical terminals and hard-
ware may be found in our previous paper (Gozzard et al,
2018). The physical link used for this experiment reached
from the Physics building at the University of Western
Australia (UWA) to the Harry Perkins Institute of Med-
ical Research (HPI). The main optical terminal and
stabilisation hardware were located in a north-facing
room, on the 5th floor of the UWA Physics building
(approximately 50 m above sea level). This terminal
was located behind a closed window, which introduced
additional optical loss. The corner cube reflector was
located 1.1 km away, on a south-facing balcony on the
7th floor of HPI. As shown in Fig. 3, the link spanned
over residential housing and other university buildings.
The optical power output of the transmitter module
was approximately 9 dBm (7.9 mW). This was passed
through a splitter, collimator and telescope (as shown
in Gozzard et al (2018)) before being launched over the
	
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Fig. 3 1.1 km free-space optical link from a 5th floor window
in the UWA physics building to a 7th floor balcony at HPI.
(Modified from Google Maps image)
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Fig. 4 Results for the 2.2 km free-space link. Left axis shows
the frequency stability and right shows the corresponding
uncertainty in Doppler velocity.
free-space link with a power of approximately 2.5 dBm
(1.8 mW). The free-space link and losses at the corner
cube reflector resulted in a net loss of approximately
13 dB. After passing back through the collimator and
splitter, the power of the signal received at the receiver
terminal was approximately −17 dBm (20 µW). The re-
mote site has a loss of 11 dB. After passing back through
the splitter, collimator and free-space folded path, the
signal received by the transmitter module has a power
of approximately −54 dBm (4.0 nW).
4 Results
An Agilent 53132A Λ-type high-precision frequency
counter was used to obtain the fractional stability of
the optical carrier (νL) over the 2.2 km free-space folded
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link through an out of loop measurement. These results
are shown in Fig. 4.
The Agilent 53132A frequency counter averaged the
frequency over a 1 s gate time. Between each 1 s aver-
aging period, the counter experiences a 0.1 s dead time,
which biases the τ−1 slope expected for a white phase
noise process to τ−1/2 (Gozzard et al, 2018; Dawkins
et al, 2007; Faulkner and Mestre, 1985; Lesage, 1983).
The unstabilised 2.2 km free space link, shown with
blue diamonds, had a stability of 5.7 × 10−14 at a 1 s
integration time (τ). At greater integration times this
decreased with a τ−1/2 trend, as expected for signals
dominated by white phase noise when using a Λ-type
frequency counter (Gozzard et al, 2018; Dawkins et al,
2007). The fractional stability of the unstabilised 2.2 km
link corresponded in an uncertainty in Doppler velocity
plus atmospheric effects being 17.0 µm s−1 at 1 s of inte-
gration. This improved to an uncertainty of 2.0 µm s−1
after 60 s of integration.
With active stabilisation, shown with red circles,
the fractional frequency stability decreased to 3.0 ×
10−17 at a 1 s integration time. This three order of
magnitude stability improvement over the unstabilised
case corresponds to a statistical uncertainty in Doppler
velocity of only 9.0 nm s−1 after 1 s of integration time.
This improved down to 1.1 nm s−1 at an integration
time of 60 s. The stability exhibits a τ−1/2 trend up
to about 5 minute integration times, as expected for
white phase noise being the dominant noise. At larger
integration times the slope turned upwards, likely due
to temperature instability in the measurement room.
The optimum stability reached after about 5 minutes
of integration was 2.3× 10−18, which corresponds to an
uncertainty in Doppler velocity of 0.70 nm s−1.
5 Discussion
The stability performance of the unstabilised version
on the 2.2 km link shows an order of magnitude im-
provement over the typical operational performance of
ground to space two-way X-band systems at the same
integration time (Dirkx et al, 2018).
When stabilised, this performance improves by more
than three orders-of-magnitude and surpasses the perfor-
mance of other similar proposed optical Doppler ranging
systems (currently demonstrated over 100 m) by more
than an order-of-magnitude (Yang et al, 2016, 2018).
This optical technique thus holds promise for future
Doppler orbitography applications.
Integrating tip-tilt active optics into the system will
help to overcome the power fluctuations associated with
transmitting through atmospheric turbulence. When
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Fig. 5 Expected Doppler frequency shift in νL (193 THz)
when reflected off an orbiting object travelling at 7.6 km s−1
directly overhead at an altitude of 500 km. The orbital pass
shown starts with a 20◦ angle of elevation.
turbulence was at it’s minimum, the system could main-
tain operation on the order of 10 minutes without losing
return signal. Only periods turbulence was at it’s mini-
mum were considered when analysing the performance
of the two techniques.
It is important to note that the performance of the
range rate estimate is referring only to the limit of
statistical precision. Systematic deviations have not been
accounted for in this paper, and so these measurements
are therefore not indicative of the actual accuracy of
range rate measurements.
The remote site AOM simulated a radial velocity
of 108 m s−1. Orbital velocities of objects in LEO are
much higher (approximately 7.6 km s−1 at an altitude of
500 km). Fig. 5 shows the expected Doppler frequency
shift applied to νL (193 THz) when reflected off an or-
biting object at an altitude of 500 km. It shows one
full pass of the object, from horizon to horizon, assum-
ing that the object passes directly overhead. At these
speeds the Doppler frequency shifts span ±10 GHz, with
a maximum frequency change rate of <140 MHz s−1.
High frequency deviations in the returned signal will
undergo down-conversion by mixing the returned signal
with a local signal. The local signal should closely fol-
low the frequency of the returned signal by modelling
the transit of the satellite and the corresponding fre-
quency shifts expected. The local signal used for the
down-conversion must therefore be able to sweep the
whole frequency range sufficiently quickly to match the
expected Doppler frequency shift. This down-conversion
can be conducted optically or electrically. Optical down-
conversion would require a phase locked local laser with
a large dynamic range (Chiodo et al, 2013). Electrical
down-conversion could be achieved through the use of mi-
crowave electronics and a microwave local oscillator. As
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Fig. 6 Remaining signal after down-conversion from an ob-
ject in LEO travelling at 7.6 km s−1 directly overhead at an
altitude of 500 km. Red is the resulting signal assuming no
error in the predicted orbiting object’s velocity. Blue shows
the resulting signal when the predicted speed is 0.1 m s−1 less
than the true speed. Both assume frequency perturbations
caused by atmospheric phase noise is an arbitrary white noise
process with a mean of 0 Hz and standard deviation of 5 kHz.
the simulated Doppler shift used in our experiment was
a relatively low frequency (140 MHz), electrical down-
conversion was the easier method to implement.
The signal remaining after this down-conversion de-
pends on the accuracy of the satellite velocity estimate
and the frequency perturbations caused by atmospheric
phase noise. If the velocity of the satellite were known
perfectly, the signal after down-conversion would only
have the frequency perturbations caused by atmospheric
phase noise during transmission. This is shown by the
red trace in Fig. 6 for an object travelling at 7.6 km s−1,
under the assumption that the frequency perturbations
are an arbitrary white noise process with a mean of 0 Hz
and standard deviation of 5 kHz. This atmospheric fre-
quency perturbations may then be actively suppressed
by using the stabilisation system within the transmission
AOM bandwidth.
If the estimate of the satellite velocity is incorrect,
the resulting signal will have some remaining frequency
deviations. In Fig. 6, the remaining frequency offset is
caused by modelling the velocity of the orbiting object
at a 0.1 m s−1 less than the true speed. The velocity esti-
mate (and thus the local signal used for down-conversion)
should be varied in order to remove the characteris-
tic frequency deviations remaining. The components of
atmospheric path noise within the bandwidth of the
transmission AOM feedback loop may then be actively
suppressed using the stabilisation system.
In the next sections, we discuss the many challenges
with optical ground to space transmission that have
not been captured in this static preliminary test. It will
be vital to address these challenges before the coherent
optical Doppler orbitography techniques can be realised.
5.1 Optical power losses
The most significant obstacle to performing coherent
optical Doppler orbitography appears to be the severe
optical power losses encountered during a long-distance
ground to space transmission. Satellite Laser Ranging
(SLR) applies a time of flight measurement to obtain the
range between a satellite and a ground station. This mea-
surement technique can cope with a significant signal
loss, well in excess of 15 orders of magnitude (Degnan,
1993). In contrast to this, the Doppler measurement
concept introduced in this paper requires a higher link
margin. By choosing a satellite target in the low Earth
orbit, a telescope with a larger receive aperture, a tightly
focused laser beam and a sufficiently strong laser, suc-
cessful Doppler observations may be feasible. The round
trip signal loss, (L), can be calculated with the modified
link budget Eq. 14, adapted from (Degnan, 1993).
L(dB) = 10 log
(
ηt
2
pi(θdR)2
e
−2
(
∆θp
θd
)2
×
 1
1 +
(
∆θj
θd
)2
 ( σAr
4piR2
)
ηrηqT
2
aT
2
c
) (14)
In this equation: ηt is an efficiency parameter de-
scribing the signal loss on the telescope transmit path;
θd is the Gaussian beam divergence half-angle, which ac-
counts for the focusing of the telescope; R is the distance
to the target; ∆θp is the pointing error; ∆θj is the jitter;
σ represents the Lidar cross section of the retro reflector
on the satellite; Ar is the effective receive telescope light
collecting area; ηr is an efficiency parameter describing
the signal loss on the telescope receive path; ηq is an
efficiency parameter describing the quantum efficiency
of the detector; Ta is the transmission loss through the
atmosphere; and Tc is the attenuation caused by a layer
of high cirrus clouds. In these initial calculations, it was
assumed that the pointing error (∆θp) and the jitter
(∆θj) were negligible.
It is important to note that the losses increase with
R4, limiting the measurement concept to low Earth or-
biting satellites. Two promising targets are the GRACE-
FO satellites (Flechtner et al, 2014), which are in a
low Earth orbit of approximately 500 km with σ = 1.8
million square meters.
We have looked at two different potential ground
station candidates from the network of the International
Laser Ranging Service (Pearlman et al, 2019). One is
the Wettzell Laser Ranging System (WLRS), located
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Table 1 Parameter set for the link budget calculation.
Parameter Wettzell Yarragadee
ηt 0.6 0.75
θd 1′′ 3′′
R 500 km 500 km
∆θp 0 0
∆θj 0 0
σ 1.8× 106m2 1.8× 106m2
Ar 0.44 m2 0.44 m2
ηr 0.7 0.8
ηq 0.5 0.5
Ta 0.73 0.73
Tc 0.9 0.9
Loss −86 dB −94 dB
in Germany, which has the capability to range to the
moon. The system has a larger telescope with a diameter
of 0.75 m and can tightly focus the beam. A divergence
of only 1′′ of arc appears to be feasible. The other SLR
station is located at Yarragadee in Western Australia.
The receive telescope is also 0.75 m in diameter and
the achievable minimum divergence angle is assumed
to be 3′′ of arc, which may still be slightly optimistic.
For the Yarragadee station, the operation wavelength
can only be 532 nm, while for the WLRS also the funda-
mental frequency of Nd:YAG of 1064 nm could be used.
Table 1 lists typical values for the other parameters of
Eq. 14 and the corresponding link loss.
For a high power laser with a transmission power
of 1 W (30 dBm), the corresponding received power
will be 2.5 nW (−56 dBm) for Wettzell and 400 pW
(−64 dBm) for Yarragadee. At this point in time, it
seems that dealing with the significant loss over the long
distance to the satellite is the largest challenge to be
overcome. High power lasers and weak light tracking
techniques (Francis et al, 2014) may be required.
5.2 Breakdown of link reciprocity
The point ahead angle required for tracking a real satel-
lite will lead to the forward and return paths passing
through slightly different sections of atmosphere which
in turn limit accuracy of the assumption of reciprocity
that is vital for the stabilisation system (Robert et al,
2016). Previous simulation and experimental work found
that despite this breakdown in reciprocity, frequency
stability better than 2× 10−17 at a 1 s integration time
should be possible for a ground to space link (Robert
et al, 2016; Swann et al, 2019). This is below the per-
formance we were able to demonstrate, and thus the
breakdown in reciprocity is unlikely to significantly de-
grade the performance of the techniques presented.
5.3 Reduction of the servo bandwidth
At the much longer distance to LEO, the round time
of the light will also be greater. This will limit the
bandwidth of the servo loop. The round trip time will
also change dynamically as the distance to the satellite
changes. This is unlikely to be a major issue, as the
dynamic reduction in servo bandwidth is largely deter-
ministic, based on a priori knowledge of the satellite’s
orbit.
5.4 Spacial effects of atmospheric turbulence
Only the atmospheric phase noise contributions were
considered in this preliminary test. For the real system,
spacial variations in the transmitted beam caused by
atmospheric turbulence must also be considered (Robert
et al, 2016; Andrews and Phillips, 2005; Tyson, 2015).
The integration of either tip-tilt active optics or higher
order adaptive optics may be required (Andrews and
Phillips, 2005; Tyson, 2015). For small apertures, the use
of tip-tilt active optics is likely to be sufficient (Robert
et al, 2016).
5.5 Future development
Moving forward, the next steps are to increase the opti-
cal link towards a 10 km horizontal link in order to bet-
ter capture the challenges associated with severe power
losses and atmospheric turbulence. A higher power fi-
bre laser (1 W or 30 dBm) will be used to overcome the
additional optical losses and a tip-tilt system will be
integrated into our optical terminals in order to combat
the increased atmospheric turbulence.
After this horizontal link, we aim to transition to-
wards a more realistic vertical link to an aeronauti-
cal object, such as a drone (similar to Bergeron et al
(2019)), aeroplane, or balloon. This will better replicate
the Doppler shifts and physical challenges associated
with tracking a moving target and be an interim test,
before attempting a ground to space transmission at
either WLRS or Yarragadee.
6 Conclusion
We propose two techniques for performing coherent op-
tical Doppler orbitography measurements on artificial
satellites in LEO. The first performs a heterodyne mea-
surement of the returned optical signal to determine the
Doppler shift. The second technique aims to improve
the precision of the first by suppressing atmospheric
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phase noise imprinted on the transmitted optical sig-
nals. The performance of these systems were tested over
a 2.2 km horizontal link. At the far end the Doppler
shift expected from an object with an radial velocity
of ∼108 m s−1 was simulated using an AOM. Without
active suppression of the atmospheric phase noise, the
estimated range rate precision obtained by our system
at a 1 second integration time was 17.0 µm s−1. With
active phase noise suppression the estimated precision
improved by three orders of magnitude to 9.0 nm s−1
at a 1 second integration time. When integrated over
60 s, this improved to 1.1 nm s−1. The stability of this
technique on the 2.2 km horizontal link represents a 4
order of magnitude improvement in estimated range
rate precision over the typical performance of ground to
space two-way X-band systems at the same integration
time.
This performance is promising; however, other as-
pects and challenges of ground-to-space laser links must
be addressed before using these techniques for ground
to space coherent optical Doppler orbitography. In the
future we plan to extend our experiment to better repli-
cate a ground to space laser link through turbulent
atmosphere. This will involve extending the optical link
to 10 km horizontally and then testing our system over
a shorter vertical link to a moving aeronautical object.
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